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INTRODUCTION 

Our  goal  in  this  project  was  to  develop  a  mouse  model  of  heterotopic  ossification  (HO)  that  shared  important 
clinical  characteristics  of  human  HO.  This  validated  model  will  be  used  to  identify  the  pathophysiology  of  HO 
formation  and  to  serve  as  a  testbed  for  standard  and  experimental  therapies.  Using  bone  morphogentic 
protein-2  infused  collagen  sponges  implanted  subcutaneously,  we  showed  reproducible  formation  of 
subcutaneous  bone  with  intense  neutrophilic  and  osteoblastic  infiltration  at  two  weeks.  The  mechanism  of 
ossification  was  through  endochondral  calcification.  The  HO  showed  progressive  histologic  maturation  up  to 
six  weeks,  when  the  bone  displayed  normal  skeletal  features,  including  a  thick  cortex,  normal  trabecular 
structure  and  a  normal  trilineage  bone  marrow.  Unexpectedly,  we  observed  that  the  mature  size  of  HO  was 
increased  by  proximity  to  experimental  wounds.  This  was  confirmed  experimentally,  with  significant  increases 
apparent  at  2  and  4  weeks.  Although  we  had  hypothesized  that  repletion  or  neutralization  of  osteoclast 
activating  agents  would  affect  size  of  developing  HO,  we  saw  no  significant  response  in  HO  weight  to 
recombinant  RANKL  and  IL-17  given  subcutaneously  or  to  neutralizing  antibodies  against  RANKL  and  IL-17 
given  systemically.  Osteoclasts  were  present  in  large  numbers  for  the  first  two  weeks,  but  declined 
dramatically  thereafter,  independent  of  the  threrapy  employed.  As  a  result,  the  remaining  tasks  are  being 
revised  tos  how  that  COX-2  inhibitory  drug  will  prevent  HO  formation  in  the  mouse  model.  The  use  of  this 
clinical  “gold  standard”  of  HO  prevention  will  further  define  the  relevance  of  this  model  to  therapeutics  study. 
We  also  propose  pilot  studies  to  show  that  vascular  endothelial  growth  factor  (VEGF)  is  essential  for  HO 
formation.  Since  VEGF  is  produced  by  healing  wounds,  paracrine  effects  of  this  cytokine  may  account  for  the 
exacerbation  of  HO  developing  near  soft  tissue  injuries.  VEGF  promotes  endothelial  formation  and  COX2 
expression,  both  of  which  are  essential  for  endochondral  ossification.  Sunitinib  (VEGF  receptor  tyrosine  kinase 
inhibitor)  and  aflibercept  (VEGF  antagonist)  are  both  in  the  FDA  approval  pipeline  and  are  known  to  be  active 
in  mouse  and  human  studies.  If  effective  against  HO  or  wound-accelerated  HO  development  in  mice,  these 
drugs  would  be  suitable  candidates  for  translational  studies  of  combat-related  heterotopic  ossification, 
including  the  the  exacerbated  growth  of  HO  in  the  setting  of  traumatic  amputation. 


BODY 

To  this  end,  we  developed  a  mouse  model  of  subcutaneous  heterotopic  ossification,  based  on 
observations  by  others  that  recombinant  bone  morphogenetic  protein-2  absorbed  into  collagen  sponges 
induces  bone  formation  in  different  mammalian  species  ( 1 ,  2).  Our  model  reproduces  some  of  the  clinical 
aspects  of  trauma-induced  HO.  First,  there  is  an  early  neutrophilic  inflammatory  response  in  the  developing 
bone  that  may  be  related  to  the  local  and  systemic  inflammatory  effects  observed  in  clinical  HO  (3).  Second, 
increasing  size  of  experimental  mouse  HO  correlates  with  increasing  proximity  to  the  surgical  wound  used  to 
implant  the  bmp2  infused  sponges,  which  resembles  the  increase  in  HO  development  when  limb  amputation  is 
through  or  adjacent  to  injured  soft-tissues  (4).  By  six  weeks,  the  experimental  HO  reaches  maturity.  Our 
primary  goals  were  to  show  that  this  model  would  determine  whether  HO  size  could  be  regulated  by 
manipulating  the  IL-1 2/IL-23  and  RANKL  and  IL-17  cascades  that  activate  osteoclast  resorption  of  bone. 
Instead,  we  found  that  osteoclast  numbers  declined  significantly  even  in  RANK-L  treated  mice,  suggesting  that 
manipulation  of  osteoclast  activity  by  cytokines  was  ineffective.  Others  have  recently  shown  that  osteoclast 
activity  can  be  activated  by  RANKL,  but  only  using  large  doses  given  twice  daily  that  resulted  in  systemic 
osteoporosis.  We  will  plan  revise  our  SOW  to  propose  alternative  experiments  that  focus  on  VEGF  supported 
COX2  activity  as  a  therapeutic  target  for  therapy  of  HO. 


Task  Number  1:  To  develop  a  mouse  model  of  heterotopic  ossification. 

Based  on  the  work  of  Wang  and  Wozney  (Wang  et  al.,  1990,  #73001,  Wozney  et  al.,  1988,  #16364),  we 
implanted  bmp2-infused  collagen  sponge  implants  into  the  subcutaneous  tissues  of  ICR  (CD-I)  female  mice 
(Harlan  Labs).  The  absorbable  collagen  sponge  and  recombinant  human  bmp2  was  kindly  donated  by  the 
Medtronic  Corporation  (Infuse  Kit,  Spinal  and  Biologies  Division,  Memphis,  TN).  In  initial  studies,  we  implanted 
4  mm  cubes  absorbable  collagen  sponges  sterilized  by  irradiation  and  incubated  at  least  15  minutes,  but  no 
longer  than  120  with  20  ug  of  recombinant  human  bmp2  in  14  ul  of  sterile  saline.  Under  isoflurane  general 
anesthesia,  PBS-  or  bmp2-containing  sponges  were  placed  bilaterally  10  mm  to  either  side  of  the  midline  of 
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the  back  through  4-5  mm  incisions  closed  with  VetBond  surgical  glue.  Palpable  bone  was  evident  after  the  first 
week. 

At  2,  4  and  6  weeks,  mice  were  euthanized  and  HO  pieces  carefully  dissected  free  from  soft  tissue, 
measured  and  weighed.  The  pieces  were  bisected  with  scalpel  and  fixed  in  10%  formalin.  After  washing  four 
times  in  PBS  (7.4)  for  30  minutes  each,  one  of  the  HO  pieces  was  decalcified  in  14%  EDTA  (pH  7.4)  for  one 
week  and  then  washed  in  PBS  four  times  again.  The  sample  was  embedded  in  paraffin  blocks  and  sectioned  in 
5  urn  thicknesses.  Slides  were  deparaffinized  in  sequential  xylenes  and  alcohols  and  the  stained  with 
hematoxylin  and  eosin  (H&E). 

At  two  weeks,  bmp2-containing  implants  had  increased  in  size  and  were  gritty  in  texture  when  cut  by 
scalpel  (Figure  1A).  PBS-infused  sponges  were  not  identifiable  in  control  mice  at  week  2  or  later  (Figure  IB). 
In  a  second  study,  we  recently  compared  the  average  weight  (+/-  SEM)  of  bone  at  1 , 2,  4  and  6  weeks  (Figure 

m _ , 
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WEEKS  AFTER  IMPLANTATION 


FIGURE  1.  Subcutaneous  HO  In  situ;  four  weeks  after  implantation 

A.  BMP-2-infused  sponge  implants. 

B.  PBS-  infused  sponge  implants. 

C.  HO  weight  over  time,  using  5  mice  per  timepoint  (no  difference  between  groups,  p  >  0.05) 

using  Mann  Whitney,  t-test  or  ANOVA. _ 


Although  the  HO  weight  was  similar  at  different  times,  there  were  distinct  and  progressive  histologic 
changes  over  the  timecourse  studied.  Figure  2  shows  selected  images  of  two-week  bone  at  the  indicated 
magnifications.  There  are  large  numbers  of  osteoblasts  with  signs  of  pronounced  synthetic  activity 
(plasmacytoid  appearance),  calicified  matrix  is  present,  and  there  is  neutrophilic  infiltration  and  apoptosis 
suggestive  of  active  inflammation.  Angiogenic  changes  are  present  within  the  developing  bone.  These  findings 
are  representative  of  three  different  time  courses. 
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FIGURE  2.  Mouse  heterotopic  ossification  at  two  weeks  (Decalcified  bone  stained  with  H&E). 

A.  (50X)  New  bone  formation  (left)  and  host  fibrous  tissue  and  skeletal  muscle  (right).  Cortex-like  structure 
with  endosteal  proliferation  and  cancellous  bone  formation  is  evident. 

B.  (200X)  Dense  bone  spicules  show  lamellar  structure  and  osteoblastic  rimming. 

C.  (200X)  Bone  marrow  spaces  are  predominantly  filled  with  endothelial  cells,  marrow  stroma  cells, 
erythrocytes,  apoototic  cells  and  numerous  neutrophils. 

D.  (200X)  Osteoblasts  lining  the  cancellous  bone  are  prominent  and  plasmacytoid,  adopting  an 
osteblastoma-like  picture.  Minimal  osteoclastic  activity  is  identified. 
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Osteoblastic  activity  was  variably  reduced  compared  to  the  earlier  timepoint,  and  the  marrow  contained 
developing  multillineage  bone  marrow  with  small  amounts  of  fat.  At  six  weeks  (Figure  5),  the  cortex  was  fully 
developed  and  contained  many  embedded  osteocytes.  There  was  a  normal  ratio  of  bone  marrow  cells  and  fat. 
Osteoblastic  activity  was  again  variable,  with  some  areas  showing  flattened  cells  consistent  with  decreased 
activity,  with  other  areas  showing  cells  with  a  more  active  plasmacytoid  appearance.  Osteoclasts  were  rarely 
observed. 


FIGURE  4.  Mouse  Heterotopic  ossification  at  four  weeks 

A.  (50X)  Areas  of  bone  (left)  appear  quiescent  with  rimming  of  flat  osteoblasts,  while  other  areas  undergo 
active  remodeling  with  prominent,  plasmacytoid  osteoblasts  (lower  right). 

B.  (100X).  Dense  bone  formation  with  numerous  osteoblasts.  Osteoclastic  activity  is  minimal. 

C.  (200X).  Well-formed  cortex  penetrated  by  vessels  adjacent  to  a  normal-appearing  bone  marrow  with 
hematopoietic  elements  of  all  lineages  and  bone  marrow  fat. 
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FIGURE  5.  Mouse  Heterotopic  Ossification  at  six  weeks  (200X) 

A.  Well-defined  cortex-like  structure  and  adjacent  bone  marrow. 

B.  Bone  spicules  characteristic  of  mature  trabecular  bone  and  bone  marrow  with  approximately  equal 
amounts  of  cellularity  and  fat. 

Osteoclasts  that  were  present  at  two  weeks  along  the  inner  cortex,  as  recognized  by  multinucleate  morphology 
(greater  than  3  nuclei)  and  the  presence  of  a  resorptive  pit  in  the  inner  cortex,  rapidly  decreased  and  were  not 
obvious  from  week  4  to  week  6.  Staining  for  osteoclasts  with  tartrate-resistant  acid  phosphatase  (TRAP) 
reagents  demonstrated  only  a  few  TRAP+  cells  at  four  and  six  weeks.  Only  EDTA-based  decalcification 
methods  were  used  to  preserve  TRAP  staining  characteristics  in  these  studies.  TRAP  stain  sensitivity  was 
confirmed  using  mouse  RAW  macrophage  line  transformed  into  osteoclasts  in  the  presence  of  50  ng/ml 
RANKL  and  CSF-1  (not  shown). 
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Weeks  after  implantation 


Figure  6  Osteoclast  numbers  per  high  power  field  over  time. 
Multinucleated  giant  cells  (3  or  more  nuclei)  were  counted  per  hpf  (x 
250)  for  a  total  of  six  fields  per  slide  for  two  slides.  Shown  are  the 
mean  and  standard  deviation  of  osteoclast  numbers  by  week  after 
implantation.  The  decrease  in  numbers  from  week  2  to  week  3,  4  and 
6  was  significant  (p<0.05,  Mann  Whitney  U). 


Size  variation  in  HO  correlates  with 

proximity  to  cutaneous  wounding. 

In  these  studies,  we  observed  an  initial  and 
significant  heterogeneity  in  the  size  of 
subcutaneous  HO.  This  correlated  with  the 
distance  between  the  bmp2-infused 
sponges  and  the  incision  used  for 
subcutaneous  insertion.  In  a  study 
dedicated  to  confirming  this  relationship,  we 
showed  that  bmp2-infused  sponge  placed  5 
mm  compared  to  1 5  mm  from  the 
insertional  wound  resulted  in  a  significant 
change  in  HO  weight  (Figure  7). 

These  findings  suggest  that  this  mouse 
model  can  reproduce  an  effect  observed 
clinically,  wherein  limb  amputation  through 
damaged  soft  tissue  results  in  more 
frequent  and  extensive  HO  formation 
compared  to  amputation  through  normal 
soft  tissue  (4).  Others  have  recently 
described  a  similar  exacerbative  effect  on 
HO  formation  when  it  develops  near 
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wounds  that  are  infected,  persistent  or  multiply  debrided  in  non-amputees  (5).  We  propose  this  pattern  of  HO 
development,  now  seen  in  both  clinical  and  experimental  murine  settings,  is  consistent  with  bone  growth 
acceleration  due  to  paracrine  factors  released  from  wounds,  among  which  VEGF  as  a  likely  candidate  (6). 


Figure  7.  Absorbable  collagen  sponges  infused  with  20 
ug  of  bmp2  were  implanted  surgically  at  a  distance  of 

HO  Weight  versus  Distance  from  Wound 

either  5  mm  on  the  right  or  15  mm  on  the  left  from  the 

incision  used  for  implantation.  At  2  and  4  weeks,  the 

60 

HO  on  the  right  was  significantly  larger  than  those  from 

P= 0.043;  paired  t-test 

the  left  (p  <  0.05  for  either  paired  Wiicoxon  or  paired  t- 
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test).  Shown  are  the  weights  for  left  and  right-sided  HO 
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Task  Number  2  Show  that  endogenous  osteoclast  activating  cytokines  are  necessary  for  regulating  the 
rate  and  extent  of  heterotopic  bone  growth. 

In  this  study,  we  injected  0.5  mg  of  neutralizing  antibody  against  mouse  IFNgamma,  mouse  IL-17  and  mouse 
RANKL  once  weekly  for  the  first  three  weeks  of  HO  development.  We  used  rat  IgG  antibody  for  control 
injections. 


Control  Anti-IFNg  Anti-IL-17  Anti-RANK-L 
Treatment  (0.5  mg  weekly  x  3  weeks) 


Figure  8.  Neutralizing  antibodies  against  mouse 
IFNgamma,  IL-1 7  and  RANK-L  do  not  alter  the 
development  of  HO  in  the  mouse  model. 

There  was  no  significant  difference  in  the  mean 
weight  of  HO  at  4  weeks  of  development  when  the 
different  groups  were  compared  by  either  parametic 
or  non-parametric  tests  of  significance  (t-test;  Mann 
Whitney  U  test;  all  pair  wise  p  values  were  greater 
than  0.05).  Test  for  significance  by  ANOVA  also 
showed  no  significant  difference. 


Although  there  was  a  nonsignificant  trend  towards  reduced  HO  size  in  the  anti-IL-17  treated  group,  the 
difference  was  2-fold  at  best  and  may  not  represent  a  change  with  sufficient  clinical  significance. 
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Task  Number  3.  Develop  novel  therapies  that  specifically  target  the  local  pathogenesis  of  heterotopic 
ossification  in  the  mouse  model. 


P8S  IFNgamnrva  *.-17  RANKL 
Treaonr^nt 


Figure  9 

Subcutaneous  treatment  with  putative 
osteoclast-activating  cytokines  fails  to  affect 
size  of  heterotopic  ossification  at  week  4. 


We  hypothesized  that  activation  of  osteoclasts  in  vivo  by  RANK-L  would  be  sufficient  to  limit  the  growth  of  HO 
and  might  represent  a  clinically  viable  therapy  for  clinical  use.  Since  RANKL  is  a  critical  activator  of  osteoclast 
function,  we  treated  mice  subcutaneously  with  5  ug  of  recombinant  mouse  RANKL  injected  every  3rd  day  at  the 
site  of  heterotopic  bone.  The  amounts  used,  which  were  limited  by  cost  considerations,  did  not  produce  any 
significant  change  in  HO  weight  compared  to  saline  treated  controls.  We  compared  RANKL  to  similar  dosing 
regimens  using  the  RANKL-activating  cytokine,  IL-17,  and  recombinant  murine  IFN-gamma.  These  also  failed 
to  alter  HO  growth  relative  to  PBS-injected  controls  We  measured  serum  TRAP5b  levels  as  surrogate  markers 
for  osteoclast  activation,  but  there  was  no  significant  change  in  the  different  groups  using  serum  obtained  after 
the  last  cytokine  therapy.  Because  these  cytokines  may  induce  the  RANKL  decoy  receptor,  osteroprotegerin 
(OPG),  we  used  the  same  sera  to  assay  for  osteoprotegrin  levels.  Again,  there  was  no  significant  difference 
between  groups  or  relative  to  PBS-treated  control  mice,  suggesting  that  osteoprotegrin  production  in  response 
to  these  cytokines  was  not  suppressing  osteoclast  activity  as  a  negative  feedback  loop  .  In  discussion  with 
scientists  at  Amgen  Corp,  it  became  apparent  that  much  larger  doses  of  RANKL  are  needed  to  increase 
TRAP5b  in  mice  or  rats,  but  these  doses  also  cause  generalized  bone  mineral  loss  that  would  be  unacceptable 
as  a  model  for  HO  preventative  therapy  (7,  8).  On  this  basis,  we  suspended  these  studies  due  to  the 
nonspecific  lytic  effects  of  RANKL  on  normal  or  heterotopic  bone. 
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Task  Number  4.  Show  that  IL-17  and  IFNgamma  producing  cytokines  IL-23  and  IL-12  regulate  heterotopic 
bone  development  in  the  mouse  implant  model. 

This  study  is  planned  for  the  near  future. 


Task  Number  5.  Final  analysis,  report  writing  and  closeout  of  the  project. 
The  information  provided  above  is  being  written  for  a  future  publication. 


KEY  RESEARCH  ACCOMPLISHMENTS 

1 .  We  demonstrate  a  reproducible  mouse  model  for  subcutaneous  heterotopic  ossification  that  resembles 
clinical  HO  in  the  following  characteristics: 

a.  Early  formation  is  associated  with  local  inflammatory  changes,  as  indicated  by  histologic 
evidence  of  neutrophil  infiltration  and  apoptosis  at  week  2. 

b.  Experimental  HO  is  initiated  by  endochondral  ossification.  This  predicts  that  HO  formation  in  this 
model  will  be  dependent  on  vascular  endothelial  growth  facto,  which  would  be  a  suitable  subject  of  study  for 
the  remaining  duration  of  this  project  or  as  a  new  proposal. 

c.  Experimental  HO  progresses  to  form  fully  mature  cortical  bone. 

d.  The  size  of  the  HO  is  increased  by  proximity  to  cutaneous  wounding,  which  strongly  resembles 
a  clinical  phenomenon  observed  in  combat-related  heterotopic  ossification,  wherein  the  frequency  and  size  of 
HO  increases  when  adjacent  to  soft  tissue  wounds. 


REPORTABLE  OUTCOMES 

Abstracts  submitted  and  accepted: 

Pathogenesis  of  Heterotopic  Ossification  in  Traumatic  Brain  Injury 
PRMRP  Military  Health  Research  Forum  8/31  to  9/03/2009 
Kansas  City,  Missouri 

Funding  applied  for  with  this  award: 

“A  mouse  model  of  heterotopic  ossification  for  experimental  therapeutics 
design” 

CDMRP  proposal  PR093237  submitted  4/23/2009 


CONCLUSION 

This  report  describes  our  development  of  a  mouse  model  of  heterotopic  ossification.  This  model  is 
suitable  for  the  experimental  study  of  unique  therapeutics  proposed  to  prevent  or  reverse  heterotopic 
ossification.  Since  the  initial  HO  lesion  develops  through  the  process  of  endochondral  ossification,  we  suspect 
a  major  role  for  VEGF-induced  vasculogenesis  as  an  early  and  essential  factor  in  the  pathologic  formation  of 
ectopic  bone.  In  addition  to  supporting  capillary  proliferation,  VEGF  also  promotes  COX2  expression  in 
endothelia.  Because  COX2  inhibitors  potently  protect  against  HO  formation,  these  findings  have  prompted  our 
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interest  in  using  VEGF  or  VEGF  receptor  antagonists  in  the  treatment  of  HO.  At  least  two  such  drugs  are  now 
active  in  clinical  therapy  as  anti-neoplastic  agents.  Sunitinib  is  a  receptor  tyrosine  kinase  inhibitor  that  blocks 
two  distinct  VEGF  receptor  functions.  This  drug  has  an  acceptable  toxicity  profile  and  is  advanced  in  the  FDA 
approval  pathway.  Aflibercept  is  a  decoy  receptor  that  neutralizes  soluble  VEGF  and  is  also  in  clinical  trials 
with  favorable  results.  Because  we  hypothesize  that  tissue  wound-accelerated  HO  exacerbation  is  also  driven 
by  paracrine  VEGF  from  damaged  tissue,  this  approach  may  be  well  suited  for  use  in  combat-related 
amputations.  We  intend  to  revise  our  SOW  to  include  a  pilot  study  comparing  the  HO  prophylactic  activity  of 
celecoxib  (the  current  gold  standard  for  HO  prevention)  to  sunitinib. 
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